Abstract: Electron beam crosslinked ultra high molecular weight polyethylene (UHMWPE) 32 mm cups with cobalt alloy femoral heads were compared with gamma-irradiation sterilized 26 mm cups and zirconia ceramic heads in a hip wear simulator. The testing was performed for a total of ten million cycles with frequent stops for cleaning and measurement of mass losses due to wear. The results showed that the ceramic on UHMWPE bearing design exhibited higher early wear than the metal on highly crosslinked samples. Once a steady state wear rate was reached, the wear rates of the two types of hip bearing systems were similar with the ceramic on UHMPWE samples continuing to show a slightly higher rate of wear than the highly crosslinked samples. The wear rates of each of the tested systems appear to be consistent with the expectations for low rates of wear in improved hip replacement systems.
Introduction
The wear of ultra high molecular weight polyethylene acetabular cups after total hip replacement surgery has been an issue of concern and study for many years [1] [2] [3] [4] [5] [6] . After the discovery of high rates of wear of some polyethylene components in some patients, efforts began to try to improve the wear rates through design changes, polymer modification [7] [8] [9] [10] [11] , or materials substitution [12] [13] [14] . Changes included the use of ceramic femoral head components to reduce wear, modification of the processing, packaging, and sterilization parameters of the acetabular cups, varying the molecular weight of the polyethylene or changing the additives, and modification of the polyethylene material itself.
OPEN ACCESS
In attempts to improve the wear resistance of the femoral head and acetabular cup bearing couple, attention has focused on both sides of the interface. Changes have been made to reduce wear of titanium alloy heads by modifying the surface [12, 13] so that it would not be necessary to utilize cobalt heads on titanium alloy femoral stems. It has been suggested that the nature of the femoral head might affect the wear of the polyethylene so a change to ceramic heads [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] was tested and has been instituted in many marketed devices. The use of ceramic-on-ceramic, in which both component materials are replaced by ceramic has also been tested and utilized in surgery [25] [26] [27] [28] for several years. Metal-on-metal articulations initially had been used in the 1960s and 1970s [29, 30] and have recently become attractive again as a possible solution to wear problems [22, [31] [32] [33] [34] [35] [36] [37] [38] .
This preliminary screening study compares the wear properties of an electron beam crosslinked ultra high molecular weight polyethylene (UHMWPE) when bearing against a 32 mm cobalt/chromium alloy femoral head with the properties of a gamma-irradiation-sterilized UHMWPE utilizing a 26 mm ceramic head. Previous clinical studies have shown that head size had an effect on wear rates of gamma-irradiation-sterilized UHMWPE [39, 40] with larger heads exhibiting greater linear and volumetric wear rates. However, larger femoral heads have been advocated to reduce dislocation [41, 42] and improve the range of motion and stability [41, 43, 44] of total hip replacements. Research has shown that the crosslinking of UHMWPE will reduce the wear rates in both laboratory testing [45] [46] [47] [48] [49] and in clinical experience [46, [50] [51] [52] [53] . It has been suggested that the detrimental effect of head size on wear rates may not exist for highly crosslinked UHMWPE [54, 55] , which may allow for the use of larger femoral heads to achieve the potential benefits. Finite element analysis modelling the predicted stresses in conventional and highly crosslinked polyethylene and Fuji film pressure analysis suggested that the stresses in highly crosslinked UHMWPE with large head sizes might be less than for 28 mm conventional polyethylene [56] . A clinical evaluation [57] , with the crosslinked UHMWPE that is a part of this study, suggests that larger head sizes do produce increased wear volume over smaller heads, meaning that the use of crosslinked polyethylene, while it may reduce the wear rates over non-crosslinked material, still may suffer from the effect of increasing head size. Another clinical study showed that a wear increase due to increased head size did not appear to be significant [58] .
The use of ceramic femoral heads has been suggested as a way to reduce the wear of the UHMWPE acetabular components [59, 60] . Laboratory studies [15, 23, 61] and clinical studies [15, 20, 22, 62] showing a wear rate improvement conflict with other clinical reports [63] [64] [65] suggesting no apparent difference. Recently, a matched pair analysis was reported comparing 28 mm ceramic heads with the same size metal heads [66] , bearing on conventional UHMWPE and found a significant reduction in wear rate at an average of 17 years post implantation, when ceramic heads were used.
The sponsor of this study had requested the comparison of two different designs of hip replacements that he was considering using in his practice. The designs tested were the two specific designs for which he wished to compare the wear properties. The larger head and crosslinked polyethylene were available for the metal on polyethylene device and might offer advantages in reducing hip dislocation. One design utilized a large head bearing against a polyethylene that was claimed to have improved wear properties due to a crosslinking process. The other design contained a more conventional smaller head and no specific processing to enhance wear properties but the head was manufactured from a ceramic material, presumably conferring improved wear characteristics to the bearing pair.
In addition to the differences in bearing materials of the two different device designs which were tested, the head sizes were different as well. The head size for the ceramic heads was 26 mm, while that for the cobalt alloy heads was 32 mm. For one of the devices, research had shown that there might be no significant difference in the clinical wear rate for the Longevity ® device when 26 mm heads were compared to 32 mm heads, although there was a trend towards a higher wear rate for the larger head [58] . For the ceramic on polyethylene, no specific study has compared the effects of head size on wear rates, although a study has been reported in which 22.25, 26, and 28 mm alumina ceramic heads from the same manufacturer were compared in a hip simulator study [40] . This study showed increases in the wear rate when head size was increased and also reviewed published literature showing that other researchers had reported studies in which larger heads had lower wear, smaller heads showed lower wear, or the wear rates were equivalent.
Materials and Methods
The devices tested were either 32 mm Co/Cr femoral heads bearing upon Zimmer ® Longevity ® polyethylene cups [67] or 26 mm Kyocera ® Zirconia heads bearing upon Kyocera polyethylene cups.
The 26 mm cups were manufactured from GUR 1020 resin and sterilized by gamma irradiation (4.5 MRad). The 32 mm cups were prepared and crosslinked according to a proprietary process said to reduce the wear rate between 88% and 98% over non-crosslinked polyethylene. ("Longevity™ Crosslinked Polyethylene", Zimmer Informational Brochure). Three of each type of cup was tested in wear and one of each type was subjected to loading, but not movement. The polyethylene cups that were subjected loading only served as soak controls in an effort to correct for the effects of fluid uptake on weight changes of the cups. The cups were mounted in a heat-softenable polyurethane resin using extra cups to avoid subjecting the test cups to the 80 °C temperatures required to cure the polyurethane.
Testing was conducted on an MTS ® eight-station hip simulator, which has been customized to add load, torque, and displacement transducers on all eight stations. This simulator is of the type frequently called "Orbital Bearing", which is the subject of ISO standard ISO 14242-3 [68] . The wear path described is the same for every loading cycle and attempts to mimic part of the normal motion of a hip in use. The devices were mounted with the head and fixture on the bottom and the cup on top (anatomic position). A Paul loading curve with a maximum load of 3000 N was used and loading synchronized with the rotation of the devices so that the same load was placed upon the same area of the cup during each cycle. The lubricant for each station was 50% bovine calf serum (Hyclone) diluted with deionized water and to which was added 20 mM Disodium EDTA Dihydrate. The EDTA was added to the deionized water and thoroughly mixed. The water/EDTA solution was filtered through 0.2 µm filter disks before being mixed with the serum. While it was not possible to measure interface friction in these samples directly, torsional load cells were mounted on each testing station and the maximum and minimum torque measured for each sample was recorded over a total of approximately 10 cycles, periodically during testing. The difference between the highest and lowest torque was calculated and expressed as the total torsional excursion during the loading pattern applied.
Testing was conducted to a total of ten million cycles at a rate of one cycle per second (approximately 86,000 cycles per day). Measurement of weight loss during the study was conducted at every 500,000 cycles. The test was stopped and the serum removed and stored. At each cleaning interval, the cups were dismounted from the fixturing, thoroughly cleaned in accordance with internal laboratory protocols and ASTM F1714 [69] , dried, and then weighed three times in a round-robin fashion to determine the weight changes which had occurred. Weight loss values were corrected for fluid uptake based upon changes in weight of the loaded soak control cups. A balance readable to 0.01 mg was used for all weighings. This method of characterizing losses due to wear is very reproducible and is consistent with the international standards [69, 70] .
Each polyethylene cup was inspected on a laser scanning confocal microscope (Leica SP-2, Leica Microsystems, Exton, PA, USA) and an image collected using the 10 × objective, giving a field of view of 1.5 mm × 1.5 mm (2.25 mm 2 ). The use of the confocal microscope allowed the viewing of the non-conductive polyethylene without the charging problems that would be experienced in an electron microscope. The surface morphology of the worn cups was compared to that for the as-manufactured cups that had been subjected only to loading without oscillating movement.
Results
Weight losses due to wear began to occur during the first 500,000 cycles in the case of the ceramic on polyethylene samples. There was very little detectable weight loss for the crosslinked cups for the first 1,000,000 cycles but, after 1,000,000 cycles, there were losses at an average rate only slightly less than that for the ceramic on polyethylene and that average was the result of one crosslinked cup experiencing much less wear than the other two. The weight loss results over ten million cycles are shown in Figure 1 for each tested cup. In Figures 2 and 3 , the wear results are averaged for each type of bearing pair. The average wear rates for each type of sample are given in Table 1 . In the last column, it can be seen that the average wear rate (mg/mc) for the last 8,000,000 cycles was 3.55 ± 0.55 for the ceramic on polyethylene and 3.20 ± 0.88 for the cross-linked materials. Throughout the study the average wear rate for the crosslinked polyethylene remained slightly less than that for the ceramic on polyethylene but two out of the three crosslinked cups had slightly higher wear rates than the ceramic/polyethylene bearings in the last eight million cycles. The third crosslinked cup had a much lower wear rate than the other two samples but no differences were noted in the appearance of the cup and head or the appearance of the testing lubricant. One of the ceramic-on-polyethylene had a higher total wear than the other two but the difference was not as large as that for the crosslinked cups. In these samples as well, no differences were observed that would explain the difference.
All of the tested devices were provided from inventory ready for implantation and one would assume that all devices met the manufacturer's specifications but variations in head and cup diameters could have played a role in the observed results. The diameter data is not available for the individual samples, so this comparison was not performed. During each loading cycle, the torque measured varied from clockwise to counterclockwise dependent upon the magnitude and direction of the loads being applied at that moment. Measurements of the torque excursion during testing showed that the friction at the bearing surfaces of the ceramic on polyethylene bearings was initially much higher than that for the metal on crosslinked polymer. This is illustrated in Figure 4 . As the testing progressed, this situation was reversed and, as the wear rate of the crosslinked cups increased, the friction increased as well. From 3,000,000 cycles to 5,000,000 cycles, the torques for the two types of bearings were essentially equivalent. After 5,000,000 cycles, the average torques for the crosslinked cups were higher than for the ceramic on polyethylene bearings at all except one time point.
Figures 5 through 9 document the appearance of five of the eight polyethylene cups after 10,000,000 cycles of testing. Figures 6 and 9 show the surface morphology of the acetabular cups that were used a soak controls for the testing, showing the machining marks that were present in all cups before any wear occurred. Manufactured polyethylene cups have residual machining marks as a result of the manufacturing process and, in most cases; the machining marks have completely disappeared by 10,000,000 cycles ( Figures 5 and 7) . One of the tested cups (Figure 8 ) appears to have retained a portion of the machining marks after 10,000,000 cycles. The microphotography of the tester cups did not show any observable differences in surface morphology that would suggest an explanation for one of the samples with a ceramic head having higher wear results and one of the crosslinked samples having a much lower wear result.
Discussion
The total wear seen with the Kyocera ceramic head bearing on polyethylene was greater than that for Zimmer metal head on crosslinked polyethylene but, after about 2,000,000 cycles, the average wear rates for the two types of bearings were within one standard deviation of each other and the average wear rate of the two crosslinked cups with the highest wear rates was equivalent to the rate using ceramic heads.
The torques transmitted to the torque cells due to the movement at the bearing surfaces started out much higher for the ceramic-on-polyethylene bearings but decreased to a level slightly less than that for metal-on-crosslinked polyethylene by about 4,500,000 cycles and then remained relatively constant for the remainder of the testing period. The torques for the metal-on-crosslinked polyethylene were nearly constant throughout. This may be due to the differences in the initial surface morphology after machining or the differences in surface roughness of the head after manufacture. Over time, the two sides of the bearing couple apparently become accommodated to each other and it appears that the wear mechanism changes, perhaps to mixed mode fluid film lubrication. While this measurement is not a direct measurement of the frictional forces, the measurements are correlated with the frictional forces being experienced since the magnitude of the torque will be proportional with the force required to move the bearing surfaces past each other, which is the frictional force. As a result of the fact that the head sizes of the two devices are different, drawing conclusions about the relative friction between the two designs would be inappropriate but the conclusion can be drawn that the initial friction in the 26 mm bearing couples was much greater early in testing than after about 3 million cycles, while the friction in the 32 mm bearings was relatively constant over the entire experiment. No attempt has been made to determine the actual friction or the effect of head size on friction, although it would seem that the same frictional force at a greater distance from the center of rotation (16 mm vs. 13 mm) would yield a higher torque, which might explain the relationship between the measured torques after about 3 million cycles. Current activity in ASTM subcommittee F04.22 on Arthroplasty has included efforts to describe the relationship between measured torques and frictional forces at the bearing surface when devices are tested in hip simulators.
Researchers have reported [54, 71] that the rate of wear of the electron beam crosslinked polyethylene after hip simulator testing for the equivalent of 12 years was not measurable under the conditions of their testing. In this study, two of the highly crosslinked cups did not exhibit measurable wear for the first 500,000 cycles ( Figure 1 ) and the third almost no wear. At 1 million cycles, one was still not showing measurable wear, although all three began to show measurable wear by 1,500,000 cycles. Once the highly crosslinked cups began to show wear, the steady state wear rates for two of the samples were very similar to those for the ceramic on polyethylene tested samples. The third crosslinked cup showed much lower wear rates and still exhibited some residual machining marks after 10,000,000 cycles (Figure 8 ). The surface morphology of the samples after testing is very similar to that which has been previously reported [71] . Clinical results with these devices confirmed significantly reduced wear rates as compared to devices that had not received the crosslinking treatment [52, 72] .
The author is not aware of any other studies comparing these two designs in a single laboratory or clinical investigation. A study published in 1995 comparing the wear of highly irradiated UHMWPE with metallic heads to normally sterilized polyethylene with ceramic heads showed very similar but slightly higher wear rates for the ceramic head samples [51] , which is consistent with the results of this study.
Conclusions
The results of hip simulator wear testing of highly crosslinked UHMWPE 32 mm cups with metallic femoral heads as compared to gamma-irradiation sterilized 26 mm cups with zirconia ceramic heads suggests that the ceramic on polyethylene devices begin to wear sooner and had higher total wear results. After the initial wearing in period, it appears that the steady state wear rates may be very similar. The wear rates of each of the tested bearing combinations is well within the rate of low wear rates that have been reported for improved hip bearing designs.
Based upon these preliminary results, either design is likely to yield acceptable rates of bearing wear when used in total joint replacement surgery.
